Aging Genes in C. elegans
Cat5/Coq7p that is required for synthesis of coenzyme Q, a component of the mitochondrial electron transport C. elegans has several advantages for aging studies. Besides its short mean life span in the laboratory of chain. clk-1(lf) mutations, which show a strict maternal effect suggesting effects early in the life cycle, result in about two weeks, it is capable of forming an alternative third larval (L3) stage called the dauer larva, a state of a marked slowing of many processes, including embryonic cell divisions, adult pharyngeal pumping, defecadiapause, in response to a pheromone released under conditions of restricted food and overcrowding. Dauers tion rate, and swimming rate, as well as aging, resulting in almost twice the normal life span (Ewbank et al., 1997) . are stress resistant, do not eat, and can live for several months, up to at least ten times the life span of adults These effects could all be due to a slower metabolic rate, with the accompanying decrease in production of that have developed through the usual four larval stages. When conditions improve, dauers can exit diapause, deleterious by-products, and in this regard could be similar to the effects of DR. Double daf-2;clk-1 mutants molt to the L4 stage, and resume development into adults that exhibit the normal two-week life span. C.
exhibit additive effects on life span, living up to 5 times as long as wild type, which suggests that these two elegans, therefore, has the ability to markedly lower its aging rate in response to environmental cues, and many genes affect longevity in different ways (Lakowski and Hekimi, 1996) . However, the evidence for these views of the genes that regulate diapause entry have been identified (reviewed in Riddle and Albert, 1997).
is not yet definitive. There is disagreement as to whether daf-16 mutations do (Murakami and Johnson, 1996) or Kenyon et al. (1993) first exploited this feature for aging studies in experiments with the daf-2 gene, in do not (Lakowski and Hekimi, 1996; Lakowski and Hekimi, 1998 ) block the life span increase resulting from which temperature-sensitive (ts) loss-of-function (lf) mutations cause constitutive entry into diapause, even clk-1 mutations. A mutation in the eat-2 gene, causing defective eating behavior which could result in DR, also when food is plentiful. By shifting daf-2(ts) mutant worms to nonpermissive temperature as L4 larvae, past causes an increase in life span that is not blocked by daf-16 mutations. However, other eat mutants do not the point of diapause entry, these researchers obtained fairly normal appearing adults that lived for more than exhibit the life span increase, which therefore may not be due to DR in the case of eat-2 (Lakowski and Hekimi, twice the normal life span. This result showed that regulation of life span by daf-2 can be separated from its 1998). We can say at this point only that the daf-2/daf-16 pathway, acting in an unknown manner on aging rate, control of the morphological changes that normally accompany diapause. The first aging-related gene to be and clk-1/DR effects, which could directly affect cellular processes, may be distinct. described in C. elegans, age-1, defined by an lf mutation that causes a 60% life span increase (Friedman and The presumed receptor, DAF-2, could in principle either be acting as a cell-autonomous metabolic regulator Johnson, 1988) , was found in screens for long-lived mutants. However, this gene now also has been implicated or as part of a systemic life-span control system. To distinguish between these possibilities, Apfeld and Kenin diapause control: the age-1 mutation at high temperature results in constitutive diapause entry and fails to yon (1998) exploited the conceptually simple but powerful technique of genetic mosaic analysis: characterizacomplement mutations in the daf-23 gene, which also are diapause constitutive (Malone et al., 1996) . Double tion of animals in which some cells are daf-2(Ϫ) and the rest are daf-2(ϩ). A strain that is homozygous for a dafdaf-2;age-1 mutants live no longer than daf-2 mutants alone, suggesting that the two genes operate in the 2(lf) mutation, but carries a semi-stable free duplication including the daf-2(ϩ) gene along with a nucleolar size same pathway. Moreover, life span extension resulting from either daf-2 or age-1 mutations is prevented by marker and other marker genes, will occasionally lose the duplication during somatic development, resulting lf mutations in the daf-16 gene (Kenyon et al., 1993; Tissenbaum and Ruvkun, 1998) , which block entry into in a clone of daf-2(Ϫ) mutant cells in an otherwise daf-2(ϩ) animal. Absence of the duplication in individual diapause. Therefore, daf-2 and age-1 normally function to shorten life span in well-fed worms, and daf-16 funclarval or adult cells can be scored using the nucleolar marker. Because the complete cell lineage is invariant tion is required to lengthen it under adverse conditions. The long-lived daf-2 and age-1 mutants also have inand known, it is straightforward to establish the cell division at which the duplication loss must have occreased stress resistance (see references in Lithgow and Kirkwood, 1996) . curred and thus to know the daf-2 genotype of every cell in the animal throughout its development. Because Molecular analysis of these genes revealed that daf-2 encodes a homolog of the insulin receptor, and dafseveral of the tissues in dauers have morphologies or pigmentation different from normal L3s and adults, one 16 encodes a forkhead transcription factor. The daf-23 gene, now often referred to as age-1 based on the can then ask, is the daf-2 function of preventing entry into diapause cell-autonomous; that is, do all cells benoncomplementation results, encodes a PI3 kinase family member (see references in Guarente et al., 1998 the changes that accompany diapause entry, implying is almost always, but not always, sufficient to prevent diapause entry. By examining the consequences of later systemic control via some intercellular signal. However, the most intriguing aspects of these findings are in the losses, the investigators could determine the effects of smaller sets of daf-2(Ϫ) cells, asking whether any details. Figure 1A diagrams the first few divisions in a C. eleparticular combinations are essential for development to adulthood. In addition, some mosaics had multiple gans embryo. The first cleavage yields two very different cells, AB and P1, which to a first approximation will losses, producing embryos with a preponderance of daf-2(Ϫ) cells in two or more lineages. Analysis of many give rise, respectively, to primarily the outside (cuticlesecreting hypodermal cells, sensory and motor neurons) mosaic animals allowed identification of six different nonoverlapping sets of cells in which lack of daf-2(ϩ) and the insides (musculature, gut, and germ line) of the animal. P1 Ϫ mosaics, in which the daf-2(ϩ)-bearing activity could cause occasional entry into diapause. For example, animals that were daf-2(Ϫ) in only 4 neurons duplication was lost in the P1 daughter at the first cleavage, develop into normal adults with no sign of dauerand 2 sheath cells, or 11 neurons and 1 socket cell, still could develop into complete dauers. However, no small like tissues, although the insides of these animals are essentially all lacking daf-2 function. Therefore, in these set of cells or specific type of cell with daf-2(ϩ) genotype could be identified as essential for choosing the pathway tissues (comprising not quite a third of the cells in an L1 larva and less in subsequent stages), this function is to adulthood, suggesting that daf-2 functions within multiple cell types in a partially redundant manner to not necessary to prevent diapause entry.
In the reciprocal case, about 50% of AB Ϫ mosaics prevent diapause entry. Analysis of diapause determination was facilitated by develop into adults with no dauer-like tissues, indicating that daf-2(ϩ) expression in AB descendents is not necthe possibility of scoring dauer-specific tissues, but what about life span of these animals? Again, daf-2 essary, and expression in P1 descendents can be sufficient to prevent diapause entry. However, the remaining function proved to act nonautonomously and within multiple lineages in its effects on longevity. Mosaic animals 50% of AB Ϫ mosaic embryos develop into complete dauers, showing that expression in P1 descendants is that developed to adulthood had extended life spans in approximate proportion to the fraction of their cells that not always sufficient to prevent diapause entry. Strikingly, none of the genetically mosaic animals of either were daf-2(Ϫ), with only small variations depending on which lineages were mutant. For example, AB Ϫ mosaics type found in these or any of the subsequent experiments were phenotypically mosaic; all were complete lived 2 times, P1 Ϫ mosaics 1.4 times, and ABp Ϫ mosaics 1.25 times longer than appropriate duplication-bearing, dauers or developed into normal adults, indicating some mechanism by which all tissues reach a consensus decigenetically marked control animals. Again, daf-2 appeared to act nonautonomously in many groups of sigsion in response to the systemic signal.
What about the daughters of AB? About 98% of both naling cells to cause life span extension. However, the survival curves of mosaic animals did not appear to ABa Ϫ and ABp Ϫ mosaics developed into adults, indicating further redundancy: daf-2(ϩ) expression in either be biphasic, suggesting that life span, unlike diapause entry, is not an all-or-nothing decision. branch of the AB lineage (as well as in the P1 lineage) Riddle, D.L., and Albert, P.S. (1997 output of the DAF-2 protein should be intracellular and Rubin, H. (1998). Nat. Biotech. 16, 396-397. therefore cell autonomous, its activity must result in Sedivy, J.M. (1998) . Proc. Natl. Acad. Sci. USA 95, [9078] [9079] [9080] [9081] production of secondary intercellular signals that can Shook, D., Brooks, A., and Johnson, T. (1996) . Genetics 142, systemically influence aging and diapause entry. Are 801-817. these signals the same? Probably not. While mutations Sinclair, D.A., and Guarente, L. (1997) . Cell 91, 1033 Cell 91, -1042 in daf-16 block both daf-2-mediated life span extension Sohal, R.S., and Weindruch, R. (1996) . Science 273, [59] [60] [61] [62] [63] and diapause entry, mutations in the daf-12 gene, en- Tissenbaum, H.A., and Ruvkun, G. (1998) . Genetics 148, [703] [704] [705] [706] [707] [708] [709] [710] [711] [712] [713] [714] [715] [716] [717] coding a nuclear hormone receptor (NHR) homolog, Yu, C.-E., Oshima, J., Fu, Y.-H., Wijsman, E.M., Hisama, F., Alisch, block only the latter. Apfeld and Kenyon postulate that R., Matthews, S., Nakura, J., Miki, T., Ouais, S., et al. (1996) . Science this receptor's still unknown ligand, produced by daf- 272, 258-262. 2(ϩ) cells, could be the systemic regulator of diapause entry. Aging might be controlled similarly via another NHR family member, of which more than 60 have been predicted from C. elegans genomic sequencing. Moreover, control of aging may have at least two inputs, one via daf-2 and one from the processes that mediate DR, although these branches could merge downstream of daf-16. One possible rudimentary pathway is diagrammed in Figure 1B , where S1 and S2 represent possible (steroid?) ligands. Finally, this model seems to require some mechanism, perhaps an additional level of autocatalytic regulation (not shown), that coordinates the development of all cells to give the observed consensus decision of each animal to become a dauer or an adult.
These results still leave open the question of whether the proximate control of aging rate is exerted systemically or cellularly. A plausible possibility is that systemic controls regulate rates of the intracellular enzymatic processes that protect against, for example, oxidative damage and its effects, and that the efficacy of these cellular mechanisms in turn dictates the aging rate. The apparent homology with the mammalian insulin response pathway raises the exciting possibility that systemic as well as cellular aging control mechanisms may be conserved, so that insights gained from C. elegans could be helpful in developing ways to alleviate the effects of human aging. Meanwhile, it will be of great interest to learn more about possible relationships between the daf-2/daf16 pathway and the stress-response and repair processes of individual cells.
